Necrotizing enterocolitis is a devastating disease of prematurity characterized by gram-negative bacteria colonization and enterocyte death. We identify a role of Toll-like receptor 4-mediated necroptosis of the intestinal epithelium as a precursor to necrotizing enterocolitis development.
causes of mortality in neonates, 2 and the overall survival of patients who develop NEC has changed very little since this disease was first described several decades ago. 3, 4 Although the pathogenesis of NEC is incompletely understood, clinical risk factors linked to the development of NEC can be broken down into 3 main categories: (1) prematurity, with the most premature and smallest disproportionately affected 5,6 ; (2) ingestion of infant formula as opposed to human breast milk [7] [8] [9] [10] ; and (3) bacterial colonization and dysbiosis of the immature intestine. [11] [12] [13] From a mechanistic viewpoint, we have shown that bacterial activation of the innate immune receptor Toll-like receptor 4 (TLR4) in the intestinal epithelium leads to barrier injury and the inflammatory microenvironment and is required for the development of NEC. The expression of TLR4 in the intestinal epithelium is higher in the premature vs full-term intestine, 14 and mice lacking TLR4 in the intestinal epithelium are protected from NEC. 14, 15 Despite this understanding of the molecular and clinical factors that lead to NEC, the pathways that lead to the actual death of the intestinal epithelium, which is the cardinal feature of NEC, remain incompletely understood.
In seeking to understand the pathways that could lead to intestinal epithelial cell death in NEC, we turned to other disease processes in which cell death and inflammation have been linked. Although many studies of intestinal inflammation that have focused on enterocyte death have examined a role for enterocyte apoptosis, [16] [17] [18] apoptotic cell death generally is considered to be noninflammatory. 19, 20 This observation would suggest that apoptosis is a consequence of NEC rather than a cause of NEC, and raises the possibility that other pathways of cell death are involved. By contrast, necroptosis 21 is a highly inflammatory cell death pathway that has been linked to the pathogenesis of several diseases of mucosal inflammation, 22, 23 including inflammatory bowel disease and allergic colitis in children, 24 and lethal ileitis during intestinal development. 25 Necroptosis is characterized by the activation of receptor-interacting protein kinases ([RIPK]1 and RIPK3), leading to the phosphorylation and plasma membrane translocation of mixed lineage kinase-like (MLKL) ( Figure 1A ), 21 where it forms a pore complex allowing the massive release of proinflammatory damage-associated molecular patterns and the death of the cell. 26 However, the potential role, if any, of necroptosis in the pathogenesis of NEC, and upstream pathways that trigger necroptosis, remain largely unexplored.
We therefore hypothesize that necroptosis plays a previously unexplored role in cell death and inflammation in the premature intestine in the pathogenesis of NEC. We further hypothesize that activation of TLR4 leads to the induction of necroptosis in the premature bowel, and the protective effects of breast milk act in part through inhibition of necroptosis. To test these hypotheses, we evaluated human tissue from infants undergoing surgery for NEC, used a well-validated mouse model of NEC, and developed an ex vivo NEC-in-a-dish experimental system. From experiments in these systems we determined that necroptosis is activated downstream of TLR4 signaling and is an unanticipated mediator of the epithelial damage that leads to NEC development, while breast milk acts to protect against NEC in part by inhibiting necroptosis.
Results

Necroptosis Is Up-Regulated in the Intestinal Epithelium in Human Infants With NEC
To assess whether necroptosis is activated in human NEC, we first analyzed human intestinal tissue from fetal (ie, never exposed to ex utero bacterial colonization), preterm control, and preterm NEC patients by quantitative reversetranscription polymerase chain reaction (qRT-PCR) for the expression of key necroptosis genes, an established readout for necroptosis activation. 27 As shown in Figure 1 , all 3 major necroptosis pathway genes analyzed (ie, RIPK1, RIPK3, and MLKL) ( Figure 1A) were up-regulated significantly in NEC patients compared with premature control and fetal tissues ( Figure 1B-D) . We also determined that the expression of necroptosis genes corelated with NEC severity, as in samples in which the severity of NEC was higher (higher expression of tumor necrosis factor [TNF]a) (red region in Figure 1B -E), the degree of induction of necroptosis was correspondingly higher, although in those samples in which the severity of NEC was lower (ie, lower expression of TNFa, green region in Figure 1B -E), the induction of TNF was correspondingly lower. It should be noted that in all cases, the expression of TNFa, as well as the expression of the necroptosis genes, was significantly higher in all NEC cases than in control cases. Intestinal tissue obtained from patients with NEC also showed marked upregulation of phosphorylated RIPK3 (pRIPK3) in the intestinal epithelium ( Figure 1F ), a further hallmark of necroptosis. 28 Intestinal sections from infants with NEC showed typical histologic characteristics of this disease, including disruption of intestinal villi structure, as shown by impaired expression and localization of the epithelial marker E-cadherin ( Figure 1F ), and decreased cellular proliferation within the intestinal crypts, as shown by reduced staining of proliferating cell nuclear antigen (PCNA) staining ( Figure 1F ). Taken together, these data indicate that necroptosis is up-regulated in the intestinal epithelium of human NEC patients compared with age-matched premature infants without NEC. We next sought to explore the potential mechanisms that lead to necroptosis induction, and its potential role in disease development using a variety of experimental models. 
Experimental NEC Causes Induction of Necroptosis, Which Leads to Intestinal Inflammation
To investigate a potential role for intestinal epithelial necroptosis in the steps leading to NEC, we next used an established mouse model of this disease 29, 30 and analyzed necroptosis gene and protein expression in the intestinal epithelium ( Figure 2) . Consistent with the observed expression in human NEC infant intestine, the expression of Ripk1, Ripk3, and Mlkl were increased in the ilea of mice with NEC when compared with control, mother's-milk fed animals by RT-PCR and protein expression of RIPK3 ( Figure 2A -E, NEC induction is shown by the higher expression of TNFa and in NEC as compared with control mice in Figure 2D ). We note that there was no expression of pRIPK3 in the RIPK3-/-mice in Figure 2E , an important control. Also consistent with the human data shown in Figure 1 , the expression of necroptosis genes in the newborn intestine correlated with NEC severity, as in samples in which the severity of NEC was higher (higher expression of TNFa, red region in Figure 2A -D), the degree of induction of necroptosis was correspondingly higher, whereas in those samples in which the severity of NEC was lower (ie, lower expression of TNFa, green region in Figure 2A -D), the induction of TNF was correspondingly lower. In all cases, the expression of TNFa, as well as the expression of the necroptosis genes, was significantly higher in all NEC cases than in control cases.
Further proof of the link between NEC severity and necroptosis activation is shown as the expression of both RIPK1 and pRIPK3 increased, as mice were exposed to longer periods of NEC-inducing conditions, becoming significantly up-regulated after 4 days ( Figure 2F and G). In addition, the final effector of necroptosis, MLKL, showed the presence of high-molecular-weight oligomers, which have been shown to represent activated MLKL complexes 31, 32 in NEC but not control animals ( Figure 2H ). Furthermore, consistent with the observation in human NEC, pRIPK3 was strongly detected in the intestinal epithelium of NEC animals, but only minimally Figure 3 . The formula feeds, hypoxia, and bacteria in combination are required for the induction of necroptosis genes in mouse ileum with NEC.
(A-C) qRT-PCR of the indicated gene in 10-dayold C57-BL/6 mouse ileum exposed to either breast feeds (controls) or the NEC model with a combination of formula, bacteria, and/or hypoxia alone or in combination as indicated. Each data point is a separate mouse. Three separate experiments were performed. **P < .01 and ***P < .001 as indicated. Ctrl, control. detected in control animals or Ripk3 knockout animals that had undergone the NEC model ( Figure 2I -K). It is noteworthy that the distribution of necroptotic cells along the crypt-villus axis, as quantified by expression of pRIPK3 in animals with NEC, showed a bias in expression toward the villus tips ( Figure 2L ). This finding is in distinction to studies of intestinal epithelial apoptosis in NEC, which is activated in the intestinal stem cells at the base of the crypts in preference to the villus tips. 33, 34 The NEC model used and validated in our laboratory requires hypoxia, hyperosmotic formula feeding, and exposure to a polymicrobial bacterial slurry from an infant with severe NEC for 4 days. Given that each of these could potentially impact necroptosis development, we included controls for each of these factors. As shown in Figure 3 , the expression of RIPK1, RIPK3, and MLKL were significantly and maximally induced only in the presence of the combination of all 3 factors (ie, formula feeds, hypoxia, and bacteria administration). Each individual component had a smaller effect on the induction of RIPK1 or RIPK3, and no effect on the induction of MLKL.
Having established that necroptosis is activated in the intestinal epithelium in NEC, we next sought to determine whether it may play a role in the development of mucosal inflammation in this disease. As shown in Figure 4 , the induction of NEC resulted in accumulation of reactive oxygen species, measured using the marker 3nitrotyrosine (3NT), in the intestinal epithelium ( Figure 4A , B, and E). 3NT up-regulation was prevented during NEC in Mlkl-/-background mice ( Figure 4C and E) or by inhibiting necroptosis with the specific inhibitor Nec1s ( Figure 4D and E). Interestingly, similar to pRIPK3 staining, which was localized to the villus tips ( Figure 2K ), reactive oxygen species staining showed a similarly biased pattern ( Figure 4F ). Furthermore, inhibiting necroptosis during NEC by using Mlkl mutant mice or by pharmacologic inhibition with Nec1s resulted in decreased expression of the proinflammatory marker inducible nitric oxide synthase, a marker of inflammation, 35 which is known to be upregulated downstream of necroptosis activation 36 ( Figure 4G and H). Taken together, these findings illustrate that the necroptosis pathway is activated in human and mouse NEC, this activation is biased toward the villus tips, and it plays a role in the induction of inflammation in this disease. We next sought to determine the upstream pathways that are responsible for necroptosis activation, and focused on the potential role of TLR4 signaling in the process. 
Necroptosis Is Activated Downstream of TLR4 Signaling in the Pathogenesis of NEC
We 14,15 and others [37] [38] [39] have shown previously that TLR4 signaling on the intestinal epithelium plays a critical role in NEC development through the development of an inflammatory response and breakdown of the intestinal barrier. Of note, necroptosis in a variety of cells may be induced by TLR4 signaling, [40] [41] [42] suggesting perhaps that TLR4 activation could be upstream of necroptosis in the pathogenesis of NEC. In support of this possibility, injection of wild-type mice with the TLR4 ligand lipopolysaccharide (LPS) caused upregulation of the inflammatory cytokine interleukin 6 (IL6) in the intestine, as measured by qRT-PCR, as well as by upregulation of necroptosis gene expression, linking TLR4 activation with necroptosis in the neonatal mouse intestine ( Figure 5A ). Furthermore, injection of LPS into Tlr4-/-mice did not result in similar up-regulation in markers of inflammation or necroptosis ( Figure 5A ). In support of a role for TLR4 in the induction of necroptosis in the pathogenesis of NEC, the induction of NEC in Tlr4-mice, or inhibition of TLR4 during NEC with the novel TLR4 inhibitor C34, 43 both resulted in significantly reduced expression of Il6 and failure of up-regulation of necroptosis genes when compared with controls ( Figure 5B ). To confirm that the necroptosis machinery still was intact in mice lacking TLR4, we administered a different inflammatory stimulus to induce necroptosis in the presence and absence of TLR4. As shown in Figure 5C , the administration of TNFa induced the expression of MLKL, DAPI, 4 0 ,6diamidino-2-phenylindole; Ecad, E-cadherin; WT, wild type/C57Bl/6. RIPK1, and RIPK3, and the induction of the proinflammatory cytokine IL1b, showing that the necroptosis machinery is still intact in TLR4-deficient mice. The lack of necroptosis gene expression up-regulation in Tlr4-mice induced to develop NEC also correlated with a reduction in the extent of necroptosis in the intestinal epithelium, as shown by reduced expression of pRIPK3 in the intestinal epithelium ( Figure 5D ). This same failure to detect pRIPK3 expression was seen in NEC animals that had been administered C34 ( Figure 5D ). Taken together, these findings show that necroptosis is activated downstream of TLR4 signaling during the pathogenesis of NEC, and also that necroptosis induction is a previously unrecognized downstream target of TLR4 signaling in the neonatal epithelium during NEC pathogenesis.
Necroptosis Genes Are Up-Regulated Specifically in the Differentiated Intestinal Epithelium of the Immature Ileum
Given that necroptosis ( Figure 2K ) and associated inflammation ( Figure 4F ) are biased toward the intestinal villus tips, we next considered whether the expression of necroptosis genes showed a bias in regional expression along the length of intestinal villi, where epithelial lineages are being selected, and, if so, whether this expression pattern could help account for why necroptosis is largely activated at the villus tips during NEC. To do so, we first harvested enteroids from the mouse intestine as described in the Materials and Methods section, and grew them under conditions that either maintained them in an undifferentiated stem-cell-like state (undifferentiated [undiff]) ( Figure 6A and B) or in which they were induced toward a more differentiated fate [diff]) ( Figure 6C and D). As shown in Figure 6 , as enteroids differentiate in culture, they predictably lose their spheroid appearance ( Figure 6A ) and acquire a branched appearance ( Figure 6C ), while also losing markers of "stemness" 44 such as achaete-scute family BHLH basic helix-loop-helix transcription factor 2 (Ascl2), homeobox only protein homeobox (Hopx), leucine-rich repeat-containing G-protein-coupled receptor 5 (Lgr5), and the proliferation marker ki67 45 ( Figure 6B ), and increase the expression of markers of intestinal epithelial differentiation such as the brush-border enzyme sucrase isomaltase (Sis) 46 and the goblet cell maker mucin 2 (Muc2), the enteroendocrine marker chromogrannin A (ChgA) and the Paneth cell marker lysozyme (Lyz1) 47 ( Figure 6D ). Interestingly, differentiation of enteroids resulted in the increased expression of markers of necroptosis including Ripk1, Ripk3, and Mlkl ( Figure 6E ), providing an ex vivo correlate of the observation that necroptosis of the intestinal epithelium in NEC is highly biased toward differentiated intestinal villus tips ( Figure 2K ). Moreover, although all segments of the intestine can be affected by NEC, the ileum is the most affected segment in large portions of NEC patients. 48 Thus, we asked whether there are segmental differences in necroptosis gene expression along the intestine and whether this differed between neonatal immature intestine and adult mature intestine. As shown in Figure 6F , using enteroids, we determined that Ripk1, Ripk3, and Mlkl all show the highest expression in the juvenile immature ileum when compared with the juvenile duodenum, juvenile jejunum, or adult ileum ( Figure 6F ). In addition, both Ripk3 and Mlkl show higher expression in the juvenile epithelium when compared with intact juvenile bowel, containing all intestinal cell types from the same animal ( Figure 6F ).
Taken together, these findings show that the intestinal epithelium of the juvenile immature ileum shows relative up-regulation of necroptosis genes, possibly allowing for predisposition of this segment to death by necroptosis in the presence of inciting insults such as those experienced during the pathogenesis of NEC.
Development of NEC-in-a-Dish Induces
Necroptosis-Like Epithelial Injury, Which Is Reduced by Necroptosis Inhibition or Through Exposure to Breast Milk Given our finding that TLR4-induced necroptosis plays a role in the pathogenesis of NEC, we sought to determine whether the protective effects of breast milk against NEC may be derived in part through the inhibition of necroptosis. To test this possibility, and to focus on potential effects on the intestinal epithelium, we developed a reductionist approach in which we used mouse intestinal epithelial enteroids and exposed them to NEC-like conditions. First, we grew enteroids in undifferentiated or differentiated states ( Figures 6B and 7A and B) and exposed them to NEC bacteria or hypoxia ( Figures 8A and 9A and B) , critical components of the NEC model. As shown in Figures 8A and 9 , the exposure of enteroids to hypoxia or NEC bacteria alone showed no overt changes in enteroid structure or gross cell morphology, as shown by intact enteroid architecture seen with E-cadherin expression, or activation of necroptosis, as shown by minimal to no pRIPK3 immunostaining. There was, however, a reduction in proliferation observed in differentiated enteroids when compared with undifferentiated enteroids (Figures 8Ai, Aii, C, and 9 ), which is consistent with a reduction of epithelial proliferation because intestinal epithelial cells differentiate in vivo. [49] [50] [51] Next, we developed a NEC-in-a-dish model in which enteroids were exposed to both hypoxia and NEC bacteria, to mimic NEC ex vivo (Figure 8Aiii and Aiv). In this model, as in the intact intestine (Figure 2 ), the differentiated intestinal epithelium (Figure 8Aiv ) but not the more stem-cell-like undifferentiated epithelium ( Figure 8Aiii ) showed disruption in tissue architecture as evidenced by E-cadherin localization, an increase in inflammatory cytokine up-regulation ( Figure 7D) , and upregulated activation of necroptosis (Figure 8Aiv and B) . Importantly, this damage, inflammatory cytokine induction, and necroptosis activation could be partially prevented through inhibition or necroptosis with Nec1s ( Figures 7C and D and Figures 8Av and B) .
Next, we sought to assess whether breast milk, which can protect against NEC, could affect necroptosis of the intestinal epithelium directly. We tested human breast milk and the constituent bioactive ingredient human milk oligosaccharides 2-fucosyllactose (2'-FL), which we and others 52, 53 have shown contributes significantly to the protective effects of breast milk against NEC, on their ability to prevent necroptosis in our NEC-in-a-dish model. Surprisingly, the addition of human breast milk (Figure 8Avii ) or the constituent oligosaccharide 2'FL ( Figure 8Avi) showed better protection against necroptosis than the necroptosis inhibitor Nec1s ( Figure 8B) , and resulted in little to no destruction of enteroid or cellular architecture (Figure 8Avi and vii) . In addition, human breast milk appeared to induce a modest up-regulation in proliferation of differentiated epithelium, which was not seen in other treatments (Figure 8Avi , Avii, and C), and is consistent with our earlier findings that breast milk restores proliferation in the intestinal mucosa of mice with NEC. 54 In an additional quantification to quantify cell death, we measured cell death directly using propidium iodide staining, and used this measure of cell death to assess rescue by nec1s and milk. As shown in Figure 7E , bacteria from human NEC induced significant cell death in mouse enteroids as shown by propidium iodide staining, which was reduced markedly in the presence of the necroptosis inhibitor Nec1s or breast milk. An immunoblot of pRIPK3 expression in enteroids is shown in Figure 7F , which corroborates the conclusion that NEC bacteria is sufficient to induce necroptosis in this ex vivo enteroid system.
In a series of additional control studies, we assessed dose curves for hypoxia and bacterial dosing for the data in Figures 7 and 8 . As shown in Figure 10 , we identified an effect of increasing bacteria on the expression of TNF, RIPK3, and MLKL in ileal enteroids, but not RIPK1, and a dose response of increasing hypoxia on TNF and RIPK1 in ileal enteroids but not RIPK3 and MLKL. These findings indicate to us that the optimal duration of hypoxia and bacteria is that used in the current model, which induces optimal induction of each of these genes, a finding that is consistent with our numerous prior optimization experiments using other inflammatory markers (ie, not necroptosis genes) as readouts.
Milk Oligosaccharides 2'-FL Protects Against NEC Through Necroptosis Inhibition in Human Tissue
In the final series of studies, we sought to confirm our findings that the milk oligosaccharide 2'FL can protect against NEC through necroptosis inhibition, and so we turned back to human tissue ( Figure 11A-D) . By using fresh, healthy, premature, human ileum explants, we show that exposure to NEC bacteria caused an up-regulation of necroptosis gene expression, which was inhibited by exposure to 2'FL. The up-regulation of these necroptosis genes correlated with the expression of the proinflammatory gene IL1 in human tissue (Figure 11 ).
Having shown that bacteria alone is able to induce necroptosis in human intestinal explants, we next sought to test bacteria alone controls to ensure the results in Figure 11 represent a NEC-specific finding and not simply a gramnegative, rod-induced finding. To do so, we treated freshly obtained human intestinal explants with bacteria that had been obtained from infants without NEC (ie control bacteria), and assessed the degree of necroptosis induction. As shown in Figure 11 , control bacteria do not induces necroptosis to the same degree as NEC bacteria, as shown by the reduced expression of RIPK1, RIPK3, and MLKL, and also failed to induce the expression of the proinflammatory cytokine IL6 to the same degree as NEC bacteria. Taken together, these findings show that the findings in Figure 11 are a NEC bacteria-specific finding, as opposed to simply a gram-negative, rod-induced finding. Moreover, these data show that inciting causes of NEC can be modeled ex vivo, causing activation of necroptosis similarly to in vivo, which can be protected partially though necroptosis inhibition by breast milk and its constituent ingredient 2'-FL.
Discussion
One of the most basic questions in the field of NEC research, and yet one that also has remained unanswered, is the question of how the intestinal epithelium dies in this disease. The question is both basic to the pathogenesis of NEC inasmuch as the very definition of NEC is derived from the fact that the intestinal epithelium dies in this disease, and also urgent in that only by preventing the death of intestinal epithelial cells can we hope to prevent the death of the whole organ and then the whole patient. It is through this prism that we now identify an important and previously unrecognized role for necroptosis in the pathways leading to enterocyte cell death in the pathogenesis of NEC. We show that necroptosis is induced in the intestinal epithelium of human as well as mouse NEC, and that blocking necroptosis both pharmacologically and genetically reduces NEC pathology in mice. We also show that necroptosis is induced most prominently in the differentiated epithelium of the intestinal villi in the neonatal small intestine, a finding that was shown in vivo and confirmed in a novel NEC-in-a-dish system. The physiologic relevance of these studies is seen in the finding that breast milk and its bioactive constituent compound 2'-FL, which is known to prevent NEC in mice and human studies, can significantly reduce necroptosis in this ex vivo model system of NEC. Taken together, these findings provide evidence for necroptosis as a previously unrecognized pathway leading to NEC, and suggest that novel approaches to NEC prevention may be achieved through the use of inhibitors such as the compound Nec1s.
In recent years, classification of cell death has expanded beyond historic divisions of active and regulated cell death vs passive and accidental cell death to include specific morphologic, biochemical, and functional signatures that can explain why and how specific cells die from particular insults. 55 Although an understanding of these death pathways could show specific approaches to target cell death during disease, there is an emerging realization that doing so is more difficult in practice than in principle. Cell death signaling pathways can cross-talk between each other, 56 and also can activate one another, as evidenced by findings 25 that intestinal epithelial cell (IEC) necroptosis leads to recruitment of type 3 innate lymphoid cells and IL22-dependent apoptosis of IECs, resulting in lethal ileitis. 25 Given that we previously showed a crucial role for intestinal epithelial apoptosis in the development of NEC, 16, 33, 57 our current findings suggest that apoptosis and necroptosis may function synergistically to cause mucosal injury in NEC. The complexity of understanding the pathways leading to IEC death in NEC is highlighted further by our observation that Nec1s, 58 an inhibitor of RIPK1, protects against necroptotic death in experimental NEC, suggesting that a RIPK1-dependent form of necroptosis is activated. However, ex vivo NEC experiments that combined hypoxia and NEC bacteria treatments of enteroids only showed partial protection by Nec1s, as shown by only a modest prevention of pRIPK3 up-regulation, while the degree of protection was greater after the addition of 2'FL and human breast milk. This finding is consistent with prior work showing that in other systems, TLR4 can activate necroptosis through a Toll/interleukin-1 receptor/resistance protein domain-containing, adapter-inducing interferon-b/ RIPK3 pathway, independent of RIPK1. 59, 60 Thus, it is possible that the increased protection by breast milk and 2'FL over Nec1s may be a result of inhibition of necroptosis downstream of RIPK1, or the result of inhibition of synergetic necroptosis-apoptosis cross-talk as discussed earlier. Future studies using specific RIPK3 inhibitors 60, 61 or MLKL inhibitors with known activity in human tissue 62-64 may be useful in sorting out this potential branch point at RIPK3 and establishing if there is any communication between necroptosis and apoptosis in this disease.
Although intestinal damage is the most significant contributor to illness in patients with NEC, these children also experience damage to peripheral organs, including the lungs and brain. 30, 65, 66 Remote organ injury in neonates with NEC occurs in part through the release of TLR4 ligands from the damaged gut, including high mobility group box 1 (HMGB1), which is released from dying intestine into the circulation, where it causes injury to both the lung and brain, through pathways that are incompletely understood. 30, 67 It is noteworthy that HMGB1 also has been shown to form a complex with bacterial lipids during inflammation, which can trigger RIPK3-dependent immune responses, 68 suggesting the possibility that HMGB1 release also may induce necroptosis in these other organs. In addition, the necroptosis effector complex that includes MLKL and that we show forms a high-molecular-weight complex in NEC, has a recently described role in the biogenesis of extracellular vesicles, 69, 70 packets of lipidmembrane-bound, circulating cellular material 71 that can contain inflammatory cytokines 72 and also cross the bloodbrain barrier. 73 It is tempting to now speculate that activation of necroptosis in the intestine may generate such inflammatory HMGB1 complexes, perhaps within circulating inflammatory extracellular vesicles, and that these could travel from the damaged intestine to the lung and the brain, causing the damage in these organs that is seen during NEC. By this reasoning, it is possible that NEC-induced lung and brain injury also may result from the development of necroptosis in these organs as well. On first blush, it could be concluded that the current findings are somehow in contradiction to our prior studies, in which we showed that apoptosis plays a critical role in NEC pathogenesis. 33, 57 Rather than be in contradiction, the current findings serve to expand our understanding of how cells die in this disease. We note significant differences in the pattern of apoptosis vs necroptosis in the intestinal epithelium, such that apoptosis is a feature of the intestinal crypts 33, 57 whereas necroptosis is shown to be a feature of the cells within the villi. These differences in cell death are plausibly linked to different biological roles for these 2 death pathways in the pathogenesis of NEC. Apoptosis of the intestinal stem cells plays a key role in the inhibition of intestinal mucosal repair, which is an important characteristic of NEC in mice and human beings as we and others have shown. 57, [74] [75] [76] [77] [78] By contrast, necroptosis, which occurs largely in the villi, may explain the observed breakdown in the intestinal villi, leaving the host susceptible to bacterial translocation and thus the development of sepsis. Additional studies will be required not only to sort out the unique susceptibility to the different parts of the intestine to necroptosis (villi) vs apoptosis (crypts), but also to determine the physiological relevance of such regional differences. We also acknowledge that there could be a component of necroptosis that is induced in the inflammatory cells that infiltrate the newborn intestine, which we have shown previously to be largely lymphocytes, 76 and that necroptosis in these infiltrating cells could contribute to the necroptotic processes by which enterocytes die in the pathogenesis of NEC.
In summary, our results show a previously unrecognized role for necroptosis of the premature intestinal epithelium in the pathogenesis of NEC. The current findings fit into an emerging framework that seeks to explain how NEC develops, yet to date has largely ignored the potential ways in which the intestinal epithelium dies, despite this being the defining feature of this disease. 79 Current thinking indicates that NEC develops in the setting of an abnormal microbiome that activates TLR4 in the intestinal epithelium, leading to a loss of intestinal stem cells that results in impaired repair, leading to bacterial translocation where the activation of TLR4 on the endothelium leads to vasoconstriction and the ischemic changes that characterize NEC. 80 We now can expand these findings to include an intermediate step in which the most upstream effects that occur in response to an abnormal microbiome, namely TLR4 activation, can lead to cell death via necroptosis. These findings shed light on the molecular mechanisms that lead to this disease, and raise the possibility that reagents that can block the induction of necroptosis may play novel roles in the prevention or treatment of this devastating disorder.
Materials and Methods
Mice C57Bl/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in-house. Mlkl knockout mice 81 and Ripk-3 knockout mice 82 were gifts 
NEC and Endotoxemia Models
NEC was induced on postnatal day 7 (p7), in 3-to 4-g mice as previously described. 29, 30 Briefly, from p7-p11, mice were isolated from the dam, housed in a 32 C pediatric incubator (Hill-Rom [Hatboro, PA] Air Shields Isolette C-400), orally gavaged formula (2:1 Abbott [Columbus, OH] Nutrition Similac Advance infant formula and PetAg Esbilac canine milk replacer, 43 mL/kg, 5 times/day), supplemented with enteric bacteria isolated from stool of an infant with NEC (bacterial composition previously described 30 ), and exposed twice daily to hypoxia (10 minutes at 5% O 2 and 95% N 2 ). Nec1s (cat #2263; Biovision, Milpitas, CA), a RIPK1 inhibitor, was administered once daily at 2 mg/kg via intraperitoneal injection. C34 was mixed in NEC formula and fed at 10 mg/kg/day. Mice were killed at p10 or p11 following approved guidelines. 85 Age-and sex-matched control mice were left with the dam and killed at the same postgestational age as experimental animals.
Endotoxemia was performed on neonatal mice by administering LPS (cat #L3129; Sigma-Aldrich, St. Louis, MO) via intraperitoneal injection at 5 mg/kg, waiting 6 hours, and killing and harvesting the ileum for further analysis. Where indicated, TNFa was injected into neonatal mice (5 mg/mouse) and distal ileum was harvested 6 hours later for qRT-PCR assessment of necroptosis gene induction. All experiments were performed on whole tissue unless epithelial isolation was performed for the development of enteroids, as described later.
Enteroid Isolation, Culture, and Treatments
Intestinal organoids from specific small-bowel segments (ie, duodenum, jejunum, ileum) of different ages of mice (juvenile, p7; adult, >p60) were isolated, maintained, and passaged following established protocols 86 using conditioned cell culture media. 87 All enteroids used in experiments were from the juvenile ileum unless otherwise stated. Enteroids were maintained with a media change every 2-3 days, passaged and split 1:2-1:6 via mechanical dissociation in media containing 10 umol/L Y-27632 (cat #10005583; Cayman Chemical, Ann Arbor, MI), and plated within Matrigel (Corning, Corning, NY) (cat #356235; Westnet, Canton, MA) on 24-well plates. All experiments were performed on enteroids between passages 2 and 20. For experiments on differentiated enteroids, cells were cultured in antibiotic-free media containing advanced Dulbecco's modified Eagle medium/ F12 (cat #11320-082; Invitrogen) supplemented with 2 mmol/L GlutaMax (cat #35050-061; Invitrogen, Waltham, MA), 10 mmol/L HEPES (cat #83264; Sigma), 1Â N2 supplement (cat #17502-048; Invitrogen), 1Â B-27 supplement minus vitamin A (cat #12587-010; Invitrogen), 10 nmol/L gastrin (cat #G9145; Sigma-Aldrich), 1 mmol/ L n-acetyl-l-cysteine (cat #A9165; Sigma-Aldrich), 100 ng/mL noggin (cat #NBP2-35098; Novus Biologicals, Centennial, CO), 500 nmol/L A83-01 (cat #SML0788; Sigma-Aldrich), and 50 ng/mL epidermal growth factor (cat #356001; BD Biosciences, La Jolla, CA) for 36-72 hours, depending on the experiment. Hypoxia (5% CO 2 , 1% O 2 , 37 C) was performed in a cell culture incubator (Heracell 150i; Thermo Scientific, Frederick, MD) for 12 hours. NEC bacteria experiments were performed in antibiotic-free media by diluting bacteria, isolated from the stool of an infant with NEC, and grown to log-phase in lysogeny broth, 100Â in either maintenance 87 (aka undifferentiated) or differentiation media. NEC-in-a-dish experiments used a combination of the 2 exposures described earlier. Other treatments included the following: 10 umol/L Nec1s (cat #2263; Biovision), 10 mg/mL 2'fucosyllactose (Abbott Laboratories), or 50 ul/ mL human breast milk (cat #IR100042; Innovative Research) prepared by 5-minute centrifugation at 12,000g and passage of supernatant through a 0.22-mm filter. Each of the 3 additives described earlier was preincubated with the enteroids for 2 hours before hypoxia and/or bacterial exposure. Figure 11 . The human milk oligosaccharides 2'-FL inhibits necroptosis in tissue explants from premature infants. (A-D) qRT-PCR of inflammation (IL6) or necroptosis (Ripk1, Ripk3, Mlkl) genes in tissue from premature infants exposed to either control or NEC bacteria, in the presence or absence of 2'-FL. Each data point is a technical replicate from a tissue donor. *P < .05, **P < .01, and ***P < .001. Ctrl bact, human control bacteria; NEC bact, human NEC bacteria.
Western Blot
Tissue was processed in RIPA buffer (cat #BP-115; Boston BioProducts, Ashland, MA) supplemented with cOmplete Mini Protease Inhibitor Cocktail (cat #11836153001; Sigma-Aldrich) and phosphatase inhibitor (cat #BP-480; Boston Bioproducts). The protein concentration was analyzed using a Pierce BCA Protein Assay Kit (cat #23225; Thermo Scientific) on a Spectramax M3 (Molecular Devices, Downington, PA). Samples were diluted in Laemmli Sample Buffer (cat #161-0737; Bio-Rad, Philadelphia, PA) supplemented with 2-mercaptoethanol, boiled, and run on Mini-Protean TGX protein gels (cat #456-1086; Bio-Rad). Gels were blotted on transfer membranes (cat #IPVH00010; Immobilon-P), blocked with 4% bovine serum albumin in Tris-buffered saline with 0.1% Tween-20, and probed with the following primary antibodies: anti-RIPK1 (NBP1-45841; Novus Biologicals), anti-receptor-interacting serine-threonine kinase 3 (phospho S232) (ab195117; Abcam, Cambridge, MA), and anti-MLKL (phosphor S345) (ab196436; Abcam). Horseradish-peroxidase-conjugated antibodies used included goat anti-rabbit IgG (heavy and light chain)-horseradish-peroxidase conjugate (170-6515; Bio-Rad) and b-actin antibody (A00730; GenScript, Piscataway, NJ). Blots were developed using Supersignal West Pico (cat #1859674/5; Thermo Scientific), imaged on a ChemiDoc-It 2 system (Analytik Jena, Upland, CA), and analyzed on Fiji (NIH software, Bathesda, MD). 88 
Immunohistochemistry
Mouse tissue samples were collected immediately after humane euthanasia, fixed in 4% paraformaldehyde (cat #RT15700; Electron Microscopy Services) in Tris-buffered saline overnight, and either further processed in a Microm STP 120 Spin Tissue Processor (Thermo Scientific) and paraffin-embedded or imbibed in 30% sucrose solution and mounted in Tissue Freezing Medium (Electron Microscopy Sciences, Hatfield, PA). Sections (5 m) were cut from either paraffin blocks using a CUT 6062 microtome (SLEE Medical GmbH, D-55129 Mainz Germany), or frozen blocks using a CryoStar NX50 (Thermo Scientific). Paraffin-embedded samples were rehydrated, heated in 10 mmol/L citric acid buffer for antigen retrieval, washed with TBST, blocked with 1% bovine serum albumin (cat #0332; VWR Life Science, Batavia, IL), probed with primary antibodies in a 1:500 dilution in Tris-buffered saline with 0.1% Tween-20 overnight at 4 C, washed with Tris-buffered saline with 0.1% Tween-20, probed with secondary antibody and 4',6-diamidino-2-phenylindole at 1:1000 for 2 hours at room temperature, washed, and mounted in gelvatol mounting media for imaging. Frozen sections were processed as described earlier, but without antigen retrieval. Antibodies used include the following: anti-Ecadherin (AF748; R&D Systems, Minneapolis, MN), anti-RIP3 (phosphor S232) (ab195117; Abcam), anti-3nitrotyrosine (ab61392; Abcam), and anti-PCNA (sc-56; Santa Cruz Biotechnology, Santa Cruz, CA), Alexa Fluor 488 donkey anti-mouse IgG (A21202; Life Technologies, Frederick, MD), Alexa Fluor 488 donkey anti-goat (A11055; Life Technologies), Alexa Fluor 555 donkey anti-rabbit IgG (A31572; Life Technologies), Alexa Fluor 555 donkey antimouse IgG (A31570; Life Technologies), and Alexa Fluor 680 donkey anti-goat IgG (A21084; Life Technologies). Propidium iodide was from Invitrogen (Thermo Fisher Scientific, Allentown, PA).
Enteroids were grown on or within Matrigel (Westnet) inside of Minicell EZ slide 8-well glass chambers (cat #PEZGS0816; Millipore Sigma, Cleveland, OH). Cells were fixed in 4% paraformaldehyde in TBST for 2 hours at room temperature, permeabilized in 0.1% Triton X-100 (Fisher Biotech, Washington, DC) in Tris-buffered saline with 0.1% Tween-20 at room temperature for 15 minutes, and further processed as for paraffin-embedded tissue, as described earlier.
Microscopy and Quantification of Immunohistochemistry Fluorescence
All images were acquired with Nikon Elements using a 20Â objective (Nikon [Melville, NY] Plan Apo 20Â/0.75 DIC N2) on a Nikon Eclipse Ti microscope equipped with a Nikon A1 confocal laser microscope system. Images were analyzed using Fiji, 88 with quantification and visual representation created in Excel or GraphPad Prism 7 (San Diego, CA). Images were acquired with care to prevent pixel saturation, and all images shown and analyzed were maximum intensity z-projections of 3-7 to 6-15 optical sections (3-mm) for intact bowel or enteroids, respectively. For quantification, 4-6 villi were analyzed from 5 different mice for each fluorescence maker, and all quantitative comparisons were made between images processed using the same methods.
Quantifying signal from tissue. The positional distribution of pRIPK3 and 3NT IHC signal along villi was quantified by rotating the image and aligning the villus of interest in a horizontal plane, drawing a rectangular region of interest (ROI) encompassing the villus from the luminal tip and extending toward the crypt base, and plotting the positional profile of gray values along the villus length. Lengths of measured villi averaged 32 mm for pRIPK3 IHC (NEC animals) and 56 mm for 3NT IHC (control animals). During analysis, an average off-tissue background signal was recorded and subtracted from villus signal. To reduce noise from expected punctate staining, data were graphed as a moving average of 25-31 pixels (±1.2-1.5 mm), for pRIPK3 and 3NT. These data were plotted with SDs.
Quantifying signal from enteroids. pRIPK3 and PCNA signal were quantified from maximum pixel intensity zstack projections. Briefly, an ROI was drawn around each enteroid marked by E-cadherin. The channels tool was used to quantify the mean pixel value of that ROI in either the pRIPK3 (red) or PCNA (green) channel. Off-enteroid background was subtracted to normalize each image and the mean pixel values were plotted.
The total relative villus fluorescence of 3NT IHC signal from intestinal villi was measured in Fiji 88 as follows: (1) by drawing a free-form ROI around an entire villus marked by E-cadherin IHC in a single channel, blinding the analyst to any potential bias in 3NT villus signal selection; (2) switching the color channel tool to the 3NT marker; (3) measuring the mean pixel intensity within that preformed ROI; (4) subtracting the average off-tissue background intensity; and (5) graphing this intensity relative to control, non-NEC villus fluorescence that was normalized to 1.
Human Tissues and Ex Vivo Treatment
All human tissue was obtained via a waiver of consent from the Office of Human Subjects Research Institutional Review Boards at Johns Hopkins University (IRB00094036) or from the University of Pittsburgh Institutional Review Board (IRB0606072 and PRO11110007), and was collected after complete review by the attending pathologist in a deidentified manner without recording patient demographic or clinical information. The population from which we obtained the samples was quite uniform (fetal, 21-24 wk; NEC, 26-32 wk). Although we were unable to collect information regarding patient age, the population from which we obtained the samples was quite uniform. Fetal tissue used in qRT-PCR analysis was derived from preterm aborted fetuses. For the ex vivo human bowel tissue experiments, de-identified bowel tissue resected from premature infants who underwent NEC surgery or anastomosis surgery (ie, control tissue) was washed with sterile phosphate-buffered saline containing gentamycin solution (50 mg /mL), minced into 2-to 4-mm diameter pieces, transferred to a 12-well plate containing 10% fetal bovine serum/Dulbecco's modified Eagle medium/insulin growth media, treated with NEC bacteria (ie, human NEC stool bacteria grown in Luria-Bertani to a log phase, OD 600 nm ¼ 0.250, pelleted, resuspended in 1 mL of culture media, and added to the tissue culture at 1:100 dilution) with or without 2'-FL (10 mg/mL) for 5 hours, and harvested for RNA isolation. Tissue for IHC was washed, fixed in 4% paraffin, and processed as described earlier in the Immunohistochemistry Methods section.
qRT-PCR
RNA was extracted using an RNeasy Mini Kit (cat #74106; Qiagen, Germantown, MD), normalized for concentration based on RNA absorbance reading on an Epoch microplate spectrophotometer (BioTek, Winooski, VT), and converted into complementary DNA using a QuantiTect Reverse Transcription Kit (cat #205314; Qiagen). qRT-PCR was performed on a Bio-Rad CFX96 real-time system as previously described. 30 The expression of each gene was calculated relative to ribosomal protein large P0 using DDCt analysis. Primer sets used are listed in Table 1 .
Statistical Analysis
Data were analyzed using a 2-tailed Student t test or analysis of variance, followed by a post hoc Dunnett multiple comparisons test using GraphPad Prism 7. Statistical significance was set at a minimum P value of less than .05
